Voltammetric studies of ion transfer across the interface of two immiscible electrolyte solutions, such as an aqueous/organic solutions (w/org) interface, have been extensively carried out.
Information concerning the ion transfer equilibrium is also useful in elucidating the potential generating process at an ion-selective electrode (ISE) 3, 7 , and electrochemical phenomena occurring in living organisms. 8, 9 In addition, the electrolytic separation of metal ion on the basis of an ion transfer reaction 10 is of interest as a new metal separation methodology.
Actinide (An) ions such as An(III), An(IV), An(V) or An(VI), where An=U, Np, Pu, are highly hydrophilic and hardly transfer from w to the org phase. For a voltammetric study of the ion transfer of such hydrophilic ions, a neutral carrier-type ligand which forms a stable complex with the metal ion is employed as an ionophore for facilitating the transfer of the ion. Studies on metal ion transfers facilitated by various ionophores have been reviewed. 3, 4 There have been few studies, however, dealing with the electrolytic ion transfer of actinide ions. 10 In the present study, the ion transfer of UO 2 2+ was investigated by ion transfer polarography with an aqueous electrolyte dropping electrode (AEDE). Bis(diphenylphosphoryl)methane (BDPPM) was employed as the ionophore. The reversibility of the ion transfer reaction and its mechanism was elucidated. On the basis of the ion transfer data, the feasibility of the electrolytic separation of UO 2 2+ was examined.
Experimental

Measurement of the ion-transfer polarogram
Current-potential curves for the ion transfer of actinide (An) ions across an aqueous(w) / nitrobenzene (NB) interface were recorded by potential scan iontransfer polarography using AEDE. 11 The procedure and experimental condition were identical to those reported previously. 10 For preparing an aqueous solution of actinide ions of the desired oxidation state, controlled-potential electrolysis with multi-step column electrodes 12 was employed. The effluent from the column electrodes was introduced to a polarographic cell at a constant flow rate (f) in order to prepare the AEDE. Crystalviolet tetraphenylborate (CV + TPhB -) was used as a supporting electrolyte of the NB phase. The potential difference at the w/NB interface (∆V) was mea- The ion transfer of UO2 2+ ion across an aqueous(w)/nitrobenzene(NB) interface was investigated by ion-transfer polarography using an aqueous electrolyte dropping electrode. It was found that the transfer of UO2 2+ from w to NB was facilitated by bis(diphenylphosphoryl)methane (BDPPM), and that the transfer reaction had irreversible characteristics.
A potential generated at the UO2 2+ ion-selective electrode, which was prepared while referring to ion transfer data, revealed a reversible Nernstian response against the concentration of the UO2 2+ ion in an aqueous sample solution. The irreversible nature of the UO2 2+ transfer observed in the polarogram resulted from such slow processes involved in the ion transfer reaction as the adsorption/desorption of BDPPM or the UO2 2+ -BDPPM complex at the w/NB interface. The feasibility of the electrolytic separation of uranium from neptunium and plutonium on the basis of a selective ion-transfer reaction is discussed.
Keywords Polarography, ion transfer, aqueous/nitrobenzene interface, actinide, reversibility, separation, ion-selective electrode sured using a Ag/AgCl electrode in w and a tetraphenylborate ion-selective electrode (TPhBE) in NB. The potential in the present paper is referred to the standard potential denoted as TPhE, which corresponds to a transfer energy of zero. 4, 11 The potential of TPhBE referred to TPhE was 0.35 V at 25˚C for the w/NB couple. 13 All measurements were carried out at 25±0.5˚C.
The equipment such as the potentiostat, function wave generator, X-Y recorder and IR drop compensator, were identical to those reported previously. 10 
Measurement of the UO 2
2+ -ISE potential The cell configuration for the measurement of the ISE potential is shown in Eq. (1). (1) A liquid membrane was prepared by diluting an NB solution containing the UO 2 (BDPPM) 3 2+ complex. The ISE potential, which denoted a potential difference between two reference electrodes (RE1 and RE2), was measured after the potential became stable, so that the potential shift against time was less than 1 mV/min.
Chemicals
Uranium metal (JAERI-U4) was dissolved with nitric acid. After the addition of 0.5 M H 2 SO 4 , the solution was heated to remove any excess of acid, and the residue was dissolved with 0.5 M H 2 SO 4 to prepare stock solutions of UO 2 2+ . A stock NB solution containing UO 2 2+ -BDPPM complex was prepared by ion-pair solvent extraction, mixing an aqueous solution of 2×10 -2 M UO 2 2+ +2×10 -2 M NaTPhB and an NB solution of 3×10 -2 M BDPPM. In this connection, it was confirmed from the dependence of the distribution ratio on the concentrations of BDPPM in NB and TPhB -in w that the extraction reaction involves UO 2 (BDPPM) 3 2+ and 2TPhB -. Bis(diphenylphosphoryl)methane (BDPPM) was prepared from bis(diphenylphosphino)methane (Aldrich) according to the proposed method. 14 All other chemicals were of reagent grade.
Results and Discussion
Polarograms for the transfer of UO 2 2+ between w and NB in the presence of BDPPM Polarogram 1 shown in Fig.1 interface in the presence of 1×10 -3 to 1×10 -2 M BDP-PM in NB are illustrated in Fig. 2 , after being corrected for the respective residual polarograms. The anodic wave in curves 1 -4 is due to the transfer of UO 2 2+ from w to NB, and the cathodic wave in curves 5 -8 is from NB to w. For measurements of polarograms 5 to 8, the organic phase was prepared by diluting an NB solution containing the UO 2 (BDPPM) 3 2+ complex. The characteristics of the polarographic waves, such as the half wave potential(∆V 1/2 ), limiting current (i l ) and slope (b) of the logarithmic analysis, i.e., ∆V vs. log{i/ (i l -i)} plot, are summarized in Table 1 .
The limiting current of the anodic or cathodic waves is proportional to the concentration of UO 2 2+ in w or UO 2 (BDPPM) 3 2+ in NB, respectively, and is independent on the concentration of BDPPM in NB. The i l of the cathodic wave is almost proportional to f 1/2 , which indicates that the ion transfer from NB to w is controlled by the diffusion of UO 2 (BDPPM) 3 2+ from the bulk of the NB phase to the w/NB interface. On the other hand, i l of the anodic wave is not proportional to f 1/2 , and i l is independent on f, particularly, in the range f > = 0.88 ml/min. This suggests that the UO 2 2+ transfer reaction from w to NB is not a simple diffusion-controlled process.
The half wave potentials (∆V 1/2 ) for the anodic and cathodic waves shift more negatively by 111 mV and 69 mV, respectively, when the concentration of BDPPM in NB increases from 10 -3 M to 10 -2 M. It is noted that the shift of (∆V 1/2 divided by the slope (b), i.e., 56±1 mV for the anodic and 42±5 mV for the cathodic waves, is approximately 2. It is predicted from these results that the (1:2) UO 2 2+ -BDPPM complex participates in the ion transfer reaction. In this connection, the formation of the UO 2 (BDPPM) 3 2+ complex has been confirmed from the solvent extraction data.
The slope (b) of the anodic wave is larger than the theoretical slope (29 mV) for a reversible transfer of the divalent ion. This indicates that the UO 2 2+ transfer from w to NB is not reversible. The b for the cathodic wave shows that the reversibility of the UO 2 2+ transfer from NB to w is relatively higher than that from w to NB, though the cathodic wave still shows irreversible characteristics. Many studies have been performed on metal ion transfers facilitated by an ionophore. In most systems reversible characteristics were observed. [15] [16] [17] [18] [19] [20] [21] Exceptionally, an irreversible nature was observed in such systems where successive complex formation in org occurred after an electrochemical ion transfer from w to org [22] [23] [24] , or where complex formation of the metal ion with a ligand is accompanied by a slow dehydration process. 25 In order to elucidate the irreversible nature of the UO 2 2+ transfer in the presence of BDPPM, the drop time (t d ) of AEDE was measured under polarographic conditions. Figure 3 shows the relations between t d and the applied potential; t d decreases remarkably due to the presence of 10 -2 M BDPPM in NB (cf. plots 1 and 2), which clearly shows the adsorption of BDPPM at the w/NB interface. When 1 mM UO 2 2+ is added in w (cf. plot 3), t d measured in the range of a more negative potential than -0.05 V is not influenced by the presence of UO 2 2+ ; however, t d at a more positive potential than -0.05 V increases slightly and becomes even larger where the subscript "ad" denotes the species adsorbed at the w/NB interface.
A remarkable feature that i l for the UO 2 2+ transfer from w to NB does not show any diffusion-controlled characteristics is due to the adsorption or desorption of BDPPM and/or UO 2 2+ -BDPPM complex at the w/NB interface. The increasing reversibiilty of the UO 2
2+
transfer from NB to w in comparison with that from w to NB can be explained by taking into account that the adsorption takes place at the aqueous side of the w/NB interface. . The electrolytic method based on the ion transfer reaction has unmatchable advantages in that it is not required to add a relatively high concentration of hydrophobic counter anion, being indispensable for conventional ion pair solvent extraction, and that the selectivity can be increased by the precise control of the electrolytic potential. Further studies on electrolytic cell design and optimization of the applied potential are now in progress.
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